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Abstract
Background: The role of phenotypic plasticity is increasingly being recognized in the field of evolutionary studies.
In this paper we look at the role of genetic determination versus plastic response by comparing the protein
expression profiles between two sympatric ecotypes adapted to different shore levels and habitats using two-
dimensional protein maps.
Results: We compared qualitative and quantitative differences in protein expression between pools of both
ecotypes from different environments (field and laboratory conditions). The results suggested that ecotype
differences may affect about 7% of the proteome in agreement with previous studies, and moreover these
differences are basically insensitive to environmental changes. Thus, observed differences between wild ecotypes
can be mainly attributed to genetic factors rather than phenotypic plasticity.
Conclusions: These results confirm the mechanism of adaptation already proposed in this species and a minor
role of phenotypic plasticity in this ecological speciation process. In addition, this study provides a number of
interesting protein spots potentially involved in adaptation, and therefore candidates for a future identification.
Background
The ability of populations to adapt to a particular habi-
tat is a key topic in evolutionary biology because the
exploitation of new niches is a key component of the
speciation process [1]. In order to survive in heteroge-
neous habitats, organisms can adopt three main evolu-
tionary strategies [2]. One is to fix a generalist genotype
more or less suitable over a broad range of environmen-
tal conditions. A second possibility is to adapt to a parti-
cular environmental condition by heritable variation in a
particular trait (direct genetic determination). Finally, a
third option is to (genetically) control the sensitivity of
the genotype to changes in the environment (i.e. indirect
genetic determination; phenotypic plasticity). The first
and third strategies are expected to be typical of organ-
isms with relatively high dispersal abilities, while the
second strategy is preferentially expected for species
with restricted dispersal ability, although different excep-
tions are known [3]. In addition, in the case of sedentary
organisms the level of environmental fluctuation might
also affect which strategy is used [4,5].
Phenotypic plasticity is defined as occurring when the
p h e n o t y p ee x p r e s s e db yag i v en genotype is altered by
changes in environmental conditions [6]. Therefore, it is
possible to quantify the relative importance of direct
genetic determination versus phenotypic plasticity for
causing adaptative variation in a particular trait, even
though the plastic ability of the trait can show heritable
v a r i a t i o nw i t h i na n db e t w e e np o p u l a t i o n sa n ds p e c i e s
[7,8]. A body of evidence suggests that plasticity may
promote adaptative divergence in various systems, often
followed by genetic changes in the direction of the plas-
tic response [9]. Furthermore, phenotypic plasticity
enhances the survival and reproductive success of indivi-
duals by contributing to their ability to cope with envir-
onmental changes. In this way, it enables of potential
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mote important biological processes such as adaptation,
divergence and reproductive isolation. However, we can-
not, ap r i o r i , assume that phenotypic plasticity is always
an adaptative response under natural selection [11].
When studying the mechanism (genetic or plastic) of
adaptation, it may help to identify a clear model system
in which phenotypic variation has been shown to be
clearly adaptative. Here, we use two well-known ecologi-
cal forms (ecotypes) of a marine snail as a biological
model system in order to study the role of phenotypic
plasticity in potentially adaptative traits.
Littorina saxatilis (Olivi) is a marine intertidal gastro-
pod that presents separate sexes, ovoviviparity (in which
females carry a brood pouch with non-planktonic
shelled embryos) and high polymorphism. Along of the
Galician coast (NW Spain), two intertidal ecotypes of
the snail L. saxatilis are adapted to different shore levels
and habitats [12,13]. The large-sized ridged and banded
ecotype (RB), lives among barnacles at the upper shore,
has a larger, thicker and more robust shell, and a smal-
ler aperture for reducing the loss of water due to the
high desiccation from exposure to sunshine [14-16]. At
the lower shore, the small-sized, smooth and unbanded
ecotype (SU) lives on mussels, and has a smaller and
thinner shell with a relatively wider aperture necessary
to accommodate a larger muscular foot that prevents
dislodgement resulting from heavy wave action [14-16].
Both habitats and ecotypes are typically separated by 5-
10 meters, although the snails have the potential ability
to move from one habitat to the other during their life-
times, and hence can be considered as effectively sympa-
tric [13]. At the mid-shore, both ecotypes meet and
occasionally mate in true sympatry, showing a partial
pre-zygotic isolation barrier (i.e. mating assortatively;
[13]). Due to the effectively sympatric ecotype distribu-
tion and its incomplete reproductive isolation, the gene
flow among ecotypes is only slightly restricted [13,17].
Therefore, the polymorphism observed is due to a
strong, divergent natural selection acting across the
environmental gradient [14,16,17], making a perfect sys-
tem to study the genes involved in the origin of adapta-
tion and speciation processes.
These ecologically distinct ecotypes have shown differ-
ences in about 3% of their genome that can not be
explained by stochastic forces, reported as the first preli-
minary estimate of the percentage of the genome varia-
tion affected (directly or indirectly) by natural selection in
this species [17]. In addition, a few studies in the same
species showed that shell shape variation is an adaptive
trait along the vertical rocky shore gradient, although its
phenotype is relatively independent of the experienced
environment [16,18]. In fact, the majority of the adapta-
tive morphological variation was attributed to direct
genetic determination (fixed differences between eco-
types; [18]). Recently the proteome profiles of these two
ecotypes have been compared using two-dimensional
electrophoresis [19]. In such study, the two sympatric
ecotypes collected in the field differed in 12% of their
proteome, 7.2% after correcting for multiple testing [rea-
nalyzed in [17]]. In the former study, however, the
observed differences between ecotypes could be explained
by both genetic and environmental determination, since
p r o t e i ne x p r e s s i o np r o f i l e sa r ek n o w nt ob es i g n i f i c a n t l y
affected by environmental changes [20,21]. Here, a new
proteome comparison between field-collected and labora-
tory-reared snails of both RB and SU ecotypes was carried
out to study the possible role of phenotypic plasticity in
determining the protein expression in this model system.
Results and Discussion
Analyses of Two-dimensional Protein Profiles
Protein expression profiles of pooled snails from differ-
ent ecotypes (RB and SU) and habitats (field and labora-
tory) were studied. After 2-DE (two-dimensional gel
electrophoresis), only well-resolved protein spots were
taken into account for the analyses, finding 446 spots on
average per gel. In the qualitative analysis, 764 spots
altogether were observed in at least one of the 12 gels,
finding 7 significant spots (0.9%) between ecotypes after
multitest adjustment, while none remained significant
between environments (Table 1). In the quantitative
analysis, only 247 spots were present in all gels, obtain-
ing 17 spots (6.9%) with significantly different expres-
sion between ecotypes after multitest correction, and
none between environments (Figure 1). This estimate
was nearly identical to the estimate obtained by Martí-
nez-Fernández et al. (2008) [19] comparing the same
Table 1 Summary of the results obtained in the
qualitative and quantitative comparisons of protein
expression between Ecotype and Environmental factors.
Source N spots % Ecotype % Environment
Qualitative 2008 data
1 1498 0.8%
(1.4%)
-
Present data 764 0.9%
(1.7%)
0%
(0.5%)
Mean ± SE 0.85% ± 0.05
Quantitative 2008 data
1 136 7.4%
(16.2%)
-
Present data 247 6.9%
(14.6%)
0%
(5.3%)
Mean ± SE 7.1% ± 0.25
1 Data re-analysed from Martínez-Fernández et al. (2008) [19]
N spots is the number of spots studied, % from Ecotype or Environment is the
percentage of spots, respectively, being statistically different between
treatments within factor. The numbers in parenthesis are the percentages
with significant differences in expression before multitest correction. The
mean value ± standard error (SE) from the percentage of differences due to
ecotype is represented as well.
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ness of the proteomic approach (Table 1). This similar-
ity between the different estimates is notable as the two
studies used specimens of different ages (juveniles versus
adults), years and seasons. Only two (spot numbers 84
and 160) out of the 247 spots studied did not show
homocedasticity, but they remained significant after
being transformed, which supports the assertion that the
former pattern is statistically robust.
Quantifying the Importance of Phenotypic Plasticity
A detailed two-way ANOVA was carried out in those
protein spots that showed significant differentiation for
any factor separately. This analysis included Ecotype,
Environment and Interaction factors, and allowed us to
estimate the relative importance of each one using eta
squared (h
2) coefficients (Table 2). The results con-
firmed that the Ecotype is the main factor, explaining on
average 73% (range 40-98 among different spots) of the
overall variance in expression, whereas the Environment
explained an average of 18% (range 0.6-43), and the
Interaction an average of 8% (range 0-21.88%). In fact,
these mean percentages across factors differed signifi-
cantly (Table 1). The low level of genotype-environment
interaction has been interpreted in similar studies as a
preference for additive effects controlling gene expres-
sion [22], although epistatic (non-additive) effects were
observed at least in one study using microarrays [23].
Furthermore, if plasticity is contributing to adaptation,
the differences in expression between ecotypes will be
higher in the field than in the laboratory environment.
In this study, only 2 of 17 (12%) of the proteins with dif-
ferences in expression between ecotypes showed also
significant differences between environments in the two-
way ANOVA. Moreover, only in one of these cases
(spot 193) plasticity could contribute to maintain this
polymorphism, since the different expression between
ecotypes is still higher in the field than in the laboratory
(Table 2). But, even in that case, the percentage of varia-
tion attributed to the environment (35%; see Table 2)
was smaller compared to the percentage attributed to
the ecotype differences (43%).
There is a few possible sources of biases that could
potentially affect to our experimental design. For
Figure 1 Example of Two-dimensional Protein Map. Two examples of spots showing significant differentiation between ecotypes (spot 48
and 200) are shown for one specimen of each ecotype (left). Two-dimensional protein map from an RB specimen (right). Spots with altered
expression are indicated by arrows, and numbered as in Table 2.
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fertilized in the wild, since the females were maintained
in the lab during 2-4 months and the time that zygotes
need to develop into juveniles inside the mother is still
unknown. However, females have a sperm reserve that
can store for months (even more than 6 months; [13])
and we already proved that after three months in
laboratory females nearly finish releasing new born juve-
niles [24]. Thus, we expect that most born juveniles
were developed in the lab, if not also fertilized, thanks
to this sperm reserve. Additionally, since we did not
maintain our snails for two generations in laboratory
conditions, we can not neglect completely a contribution
of maternal effects to our genetic factor. Nevertheless,
maternal effects seem to be typically genetic in origin
[25], and therefore, we did not expect that the main pic-
ture outlined here would change considerably. Such
conclusion is particularly robust when thinking in a trait
like protein expression, which considerably varies spa-
tially and temporally [21].
In summary, all these results support a relatively
minor contribution of the phenotypic plasticity to the
ecotype differences observed in the proteome expres-
sion, suggesting an important genetic basis for the varia-
bility in gene expression in this species. Future studies
should focus on the estimation of the heritability in pro-
tein expression profiles.
A comparison of the same causal factors was carried
out in the same species and population for shell shape
variation [18], indicating that most shell shape variation
was also accounted by the ecotype of the parents, irre-
spectively of the experienced environment. The similar
relative importance of genetic effects in morphology
(range 72.7-97.3%) and prote i ne x p r e s s i o n( o na v e r a g e
73.4%; see Table 2) points to the generality of the phe-
nomenon, since the mechanisms that enable the plastic
responses at the different biological levels are funda-
mentally the same [26]. Therefore, this species seems to
show low levels of phenotypic plasticity affecting varia-
tion in morphology [18] and proteomic expression (this
study).
A few studies have observed proteome adaptation in
plants [22,27], where two populations of Picea abies
showed different expression profiles at two different
ecological habitats. In addition, proteome expression
variability associated with particular taxa [28,29], or with
populations living in different environments [30,31] or
affected by distinct pollutants [32,33] has been observed
in several marine bivalve molluscs. However, in spite of
the general importance of phenotypic plasticity in adap-
tation, to our knowledge there has not been any study
focusing on the quantitative relevance of phenotypic
plasticity on protein expression, making evident the
importance and novelty of this work. In fact, most of
Table 2 Levels of Expression for Each Protein Spot Showing Differences in Expression.
Spot RB SU Ratio Ecotype Environment Interaction
30 724.64 ± 103.78 216.71 ± 100.13 3.34 79.25** 12.05 8.7
43 70.59 ± 43.72 386.98 ± 81.09 -5.48 95.79* 4.03 0.18
48 378.32 ± 87.32 68.08 ± 41.28 5.56 62.36** 27.92 9.72
50 1674.41 ± 379.13 681.51 ± 204.32 2.46 40.39*** 43.5*** 16.11
52 1865.46 ± 376.09 443.32 ± 237.86 4.2 80.09* 5.35 14.56
59 361.68 ± 53.20 151.07 ± 49.41 2.39 72.43* 22.71 4.86
66 1583.49 ± 280.381 670.42 ± 152.39 2.36 65.79* 32.21 1.99
84 1232.97 ± 240.93 2939.03 ± 526.56 -2.38 71.70* 28.3 0
98 72.73 ± 37.19 296.12 ± 56.54 -4.07 87.64* 1.62 10.84
148 829.97 ± 77.12 356.78 ± 72.94 2.33 98.38** 0.59 1.03
150 1389.79 ± 158.25 787.20 ± 167.70 1.76 54.23* 34.23 11.54
158 258.26 ± 45.66 91.68 ± 36.10 2.82 71* 20.93 8.06
160 492.35 ± 69.44 105.69 ± 89.84 4.66 61.86** 34.72 3.42
193 79.15 ± 47.43 505.40 ± 146.02 -6.39 43.42** 36.71** 19.87
200 625.99 ± 161.99 1395.59 ± 204. 96 -2.23 75.59* 2.53 21.88
203 2034.47 ± 374.81 809.62 ± 103.50 2.51 98.23* 1.77 0
239 488.00 ± 98.69 40.73 ± 22.97 11.98 89.88** 5.29 4.9
MEAN 73.41 18.49 8.09
Prandomization 0.0001
*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001
Mean levels of expression in ppm (± standard errors) for significant spots in the one-way ANOVA. The Ratio quantifies the expression differences between
ecotypes (larger intensity/smaller intensity) with the sign showing the ecotype with larger intensity (+ for RB and - for SU). Ecotype, Environment and Interaction
represent the percentage of variance explained after the two-way ANOVA (the relative importance of the h
2 in percentages). P is the significance of the
randomization ANOVA comparing percentages of variation across factors (see [52]).
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have been traditionally carried out on the basis of the
morphological differences [10,34,35], although some
used DNA markers [36] or new large-scale gene expres-
sion technologies [reviewed in [37]]. Even when these
s t u d i e sh a v ef o u n dap o s s i b l er o l eo fp l a s t i c i t yi nd i f f e r -
ent biological processes, neither of them quantified the
relative role of genotype versus environment effects.
Cluster Analysis
A cluster of the 17 protein spots showing quantitative
differences in expression was applied in order to detect
groups of spots or specimens with similar expression
levels. The individuals were correctly clustered by their
ecotype. In addition, the protein spots were clearly
grouped in two well-differentiated classes (Figure 2).
Such clustering has been traditionally interpreted as
protein co-regulation, which may indicate that they are
participating in similar metabolic pathways [38,39].
Therefore, future efforts will need to focus on the iden-
tification of these spots in order to confirm or reject
this hypothesis. Moreover, it could be interesting to
study them at different developmental stages in order to
characterise the biochemical and physiological strategies
of adaptation, especially after knowing that they showed
genetically controlled expression differences between
ecotypes.
Conclusions
To conclude, understanding how biological diversity is
generated and maintained is a central issue in evolution-
ary biology. We have detected that a portion of the
proteome studied (about 7%) differs in expression level
between ecotypes, possibly related with their adaptation
to the distinct habitats and shore levels. In addition,
phenotypic plasticity does not have an important role in
determining those proteomic differences, supporting the
assertion that most of the proteomic variation may have
a genetic origin, at least in those with differences
between ecotypes. However, this information is still
insufficient to reveal the genetic architecture of the
adaptative phenotypic change, since to do this purpose
it would be necessary to identify quantitative trait loci of
gene expression profiles, as well as their genetic archi-
tecture (being coding or non-coding regions), an extre-
mely difficult but interesting future task for this
evolutionary model system.
Methods
Sample Collection and Preparation
In November 2007, wild females of L. saxatilis were col-
lected in Silleiro (NW Spain) and taken to the labora-
tory where they were placed in an aquarium. Females of
the RB ecotype were obtained from the upper shore,
whereas the females of the SU ecotype were obtained
from the lower shore. In the laboratory, a continuous
sea water flow at 14.2°C, 3.63% of salinity, and an oxy-
gen level of 7.6 mg/L was maintained by an open circuit.
The system was also provided with a 14/10 h photoper-
iod (daylight/darkness) supplied through fluorescent
lighting. Further technical details of the breeding system
in this species are given in previous works [16,18]. The
pregnant females were maintained in the laboratory 2-4
months before the analysis of recently born juveniles, to
Figure 2 Cluster Analysis. Cluster analysis on the 17 protein spots with significantly different expression between ecotypes after multitest
correction. Rows represent the pooled individuals from each ecotype and environment, and columns represent the protein spots. Red indicates
enhanced expression while green reflects decreased expression. The pools were correctly clustered by ecotype based on their protein profiles.
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the experimental specimens. In June 2008, around 40
specimens in the juvenile stage (3-6 months old) were
frozen at -80°C. The day after, a similar number of juve-
niles (similarly sized) were collected from Silleiro, at the
same site where the mothers of the laboratory-reared
juveniles were captured, and immediately frozen as well
at -80°C. For each combination of ecotype (RB and SU),
and environment (field- and laboratory-reared), we pre-
pared 3 samples, each one including a pool of 10 indivi-
duals in order to discard individual differences as
described in [19]. This design allows us to compare dif-
ferences in gene expression between ecotypes experien-
cing drastically different environments.
Shells were removed and tissues were homogenised in
lysis buffer [7 M urea, 2 M thiourea and 4% (w/v)
CHAPS] with protease inhibitors (Complete Mini,
Roche) to a final ratio of 50 mg tissue per 1 mL of lysis
buffer. The homogenates were stored at -80°C until they
were further analysed. Then, proteins were solubilised at
100 rpm and 25°C for 1 h in an orbital shaker, and
finally centrifuged at 16,000 g for 15 min. Supernatants
were immediately used for electrophoresis, and protein
concentration measured according to Bradford (1976)
[40] with modifications [41].
Two-dimensional Gel Electrophoresis, Image Acquisition
and Spot Detection
Two-dimensional gel electrophoresis (2-DE) is one of
the most widely used techniques for separating complex
biological mixtures containing large numbers of pro-
teins, and remains one of the key methodologies in pro-
teomic studies [21]. This comprehensive technology
uses two sequential electrophoretic runs to separate the
proteins in a particular sample. In the first dimension,
the proteins are separated on basis of their isoelectric
point (pI) (through an immobilized pH gradient), using
strips with a pH ranging from 5 to 8, and loading 150
μg of protein per gel. In the second dimension, the pro-
teins already separated by their charge are separated in
12%-polyacrylamide gels depending on their relative
molecular mass (Mr) (through a porosity gradient). The
12 replicates, 3 for each combination of ecotype and
environment, were run in a pseudo-random sequence to
randomize uncontrolled technical/laboratory factors.
After 2-DE, gels were stained with silver nitrate [42] but
with modifications in order to be compatible with mass
spectrometry, obtaining a protein map from each sam-
ple. Finally, the normalized volume for each protein
spot was compared for all 12 maps. Further technical
details of 2-DE and the image analysis are explained in
Martínez-Fernández et al., 2008 [19]. A qualitative ana-
lysis was performed using all protein spots detected
with their intensities transformed into a matrix of 0
(absence) and 1 (presence). The quantitative analysis
was carried out only on those spots present in all the 12
replicates studied, using their relative spot volumes
(quantities) normalised to the full spot intensity of each
gel (see [19]), actually representing a semi-quantitative
analysis [30,43-45]. Note that, in the qualitative analysis,
the absence of a particular spot in a particular gel does
not guarantee absence of expression, rather that its
expression could not be detected by the technique.
However, qualitative and quantitative analyses allow us
to investigate a larger number of spots in expression
profiles by different statistical methods.
Statistical analyses
First, we compared the qualitative and quantitative spot
incidence in the ecotype (RB and SU) and environment
(field and laboratory) factors separately. The comparison
of the presence/absence of detected spots across the 6
replicates of the two factors was accomplished by a
Fisher contingency exact test. In order to avoid high
rates of false positives we used a significance level of
0.2% (a probability of being caused by chance of 0.002, i.
e. representing spots present in all replicates of one eco-
type and none of the other) [19].
In the case of the quantitative analysis, we first used
the Levene test to check if the relative spot intensity
showed homoscedasticity in order to compare mean dif-
ferences in spot intensity between factor treatments
using a one-way ANOVA. Moreover, although devia-
tions from normality are of less importance under
ANOVA [46-48], none of the protein spot residuals ana-
lysed deviated from normality under the Kolmogorov-
Smirnov test. In the two cases where the homoscedasti-
city was not met, they were transformed using logarithm
and square root. The significance of both qualitative
(adjusted to 0.2% with multiple testing), and quantitative
analyses (adjusted to 5%) was corrected for multiple
testing using the SGoF correction. This statistical
method has been shown to present the highest statistical
power when the number of tests is high and the sample
size low, without increasing appreciably the rate of false
discoveries compared to other alternatives [49]. The
SGoF software can be freely obtained at http://webs.
uvigo.es/acraaj/SGoF.htm.
In addition, for those protein spots showing quantita-
tive differences in expression, we conducted a two-way
ANOVA to estimate the relative importance of the fac-
tors Ecotype and Environment and their Interaction fol-
lowing the method reported in Scheiner (1993) [50]. On
the one hand, the factor Ecotype (fixed; RB and SU)
allowed us to estimate the genetic contribution effects
(perhaps partially biased by environmental differences in
the wild). In this sense, if two populations/families
maintain their phenotypic differences irrespective of
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determination [25], and therefore the results of this
experiment could suggest a posteriori that ecotype dif-
ferences might be caused mostly by genetic factors. On
the other hand, the factor Environment (fixed; field and
laboratory-reared) accounts exclusively for environmen-
tal effects, whereas the Interaction represents possible
genetic-environment interactions [18]. Moreover, the
relevance of the factor Environment will show the possi-
ble contribution of phenotypic plasticity to this poly-
morphism. Note that even if the ecotype differences are
affected by the environment, only those cases in which
the magnitude of the ecotype differences increases more
notably in the field than in the laboratory are expected
to favour the maintenance of this polymorphism [18].
T h er e l a t i v em a g n i t u d eo faf ixed effect (or interac-
tion) can be directly estimated by the eta squared (h
2),
which gives the percentage of variation explained by
each factor in the ANOVA [48,51]. We present the
magnitude of the h
2 of each factor as a percentage of
the sum of the three factors. Therefore, with this analy-
sis we could investigate to what extent the presumed
adaptative proteome differentiation was influenced by
genetic versus plastic factors.
Additionally, a hierarchical clustering was applied to
the protein spots showing quantitative patterns of
expression using the Euclidean distance and the average
linkage algorithm by the Cluster 3.0 and Java Treeview
software. All other statistical analyses were accomplished
with the SPSS/PC software ver. 16.0.
Abbreviations
IAA: iodoacetamide; RB: ridged and banded; SDS-PAGE: denaturing
polyacrylamide gel electrophoresis; SU: smooth and unbanded.
Acknowledgements
We would like to thank Ana M. Rodríguez-Piñeiro, Humberto Quesada and
Angel P. Diz for useful comments on the manuscript and to Mr Jeffrey G.
Beasley for English grammar and style suggestions. We would also like to
thank the ECIMAT institution for providing marine laboratory facilities,
especially Teresa Muiños who provided technical help during the sampling
and maintenance of specimens. We are also grateful to Nieves Santamaría
for administrative technical help and to the following institutions for general
funding: Ministerio de Ciencia e Inovación (MCI) (CGL2008-00135/BOS),
Fondos Feder, and Xunta de Galicia (INCITE09 310 006 PR). Mónica Martínez-
Fernández would like to thank the MCI for her FPI research fellowship.
Authors’ contributions
Authors’ contributions: MMF: AB & ES, MPC: FG, ERA: ES & FG. All authors
read and approved the final manuscript.
Received: 14 August 2009
Accepted: 8 March 2010 Published: 8 March 2010
References
1. Nussey DH, Wilson AJ, Brommer JE: The evolutionary ecology of
individual phenotypic plasticity in wild populations. J Evol Biol 2007,
20:831-844.
2. Scheiner SM, Lyman RF: The genetics of phenotypic plasticity. I.
Heritability. J Evol Biol 1989, 2:25-107.
3. Hollander J: Testing the grain-size model for the evolution of phenotypic
plasticity. Evolution 2008, 62:1381-1389.
4. Turelli M, Barton NH: Genetic and statistical analyses of strong selection
on polygenic traits: what, me normal?. Genetics 1994, 138:913-941.
5. Lee CE, Gelembiuk GW: Evolutionary origins of invasive populations. Evol
Appl 2008, 1:427-448.
6. Pigliucci M: Phenotypic plasticity: beyond nature and nurture The John
Hopkins University Press, Baltimore 2001.
7. Schilichting CD: The evolution of phenotypic plasticity in plants. Annu Rev
Ecol Syst 1986, 17:667-693.
8. Pigliucci M: Evolution of phenotypic plasticity: where are we going now?.
Trends Ecol Evol 2005, 20:481-486.
9. Crispo E: Modifying effects of phenotypic plasticity on interactions
among natural selection, adaptation and gene flow. J Evol Biol 2008,
21:1460-1469.
10. Prada C, Schizas NV, Yoshioka PM: Phenotypic plasticity or speciation? A
case from a clonal marine organism. BMC Evol Biol 2008, 8:47.
11. Langerhans RB, DeWitt TJ: Plasticity constrained: Overgeneralized
induction cues cause maladaptive phenotypes. Ecol Evol Res 2002,
4:857-870.
12. Johannesson K, Johannesson B, Rolán-Alvarez E: Morphological
differentiation and genetic cohesiveness over a micro-environmental
gradient in the marine snail Littorina saxatilis. Evolution 1993,
47:1770-1787.
13. Rolán-Alvarez E: Sympatric speciation as a by-product of ecological
adaptation in the Galicia Littorina saxatilis hybrid zone. J Molluscan Stud
2007, 73:1-10.
14. Rolán-Alvarez E, Johannesson K, Erlandsson J: The maintenance of a cline
in the marine snail Littorina saxatilis: the role of home site advantage
and hybrid fitness in ecotype formation. Evolution 1997, 51:1838-1847.
15. Carvajal-Rodríguez A, Conde-Padín P, Rolán-Alvarez E: Decomposing shell
form into size and shape by geometric morphometric methods in two
sympatric ecotypes of Littorina saxatilis. J Molluscan Stud 2005,
71:313-318.
16. Conde-Padín P, Carvajal-Rodríguez A, Carballo M, Caballero A, Rolán-
Alvarez E: Genetic variation for shell traits in a direct-developing marine
snail involved in a putative sympatric ecological speciation process. Evol
Ecol 2007, 21:635-650.
17. Galindo J, Morán P, Rolán-Alvarez E: Comparing geographical genetic
differentiation between candidate and noncandidate loci for adaptation
strengthens support for parallel ecological divergence in the marine
snail Littorina saxatilis. Mol Ecol 2009, 18:919-930.
18. Conde-Padín P, Caballero A, Rolán-Alvarez E: T h er e l a t i v er o l eo f
genetic determination and plastic response during ontogeny for shell
shape traits subjected to diversifying selection. Evolution 2009,
63:1356-1363.
19. Martínez-Fernández M, Rodríguez-Piñeiro AM, Oliveira E, Páez de la
Cadena M, Rolán-Alvarez E: Proteomic comparison between two marine
snail ecotypes reveals details about the biochemistry of adaptation. J
Proteome Res 2008, 7:4926-4934.
20. Hoffmann AA, Willi Y: Detecting genetic responses to environmental
change. Nat Rev Genet 2008, 9:421-32.
21. Karr TL: Application of proteomics to ecology and population biology.
Heredity 2008, 100:200-206.
22. Valcu CM, Lalanne C, Müller-Starck G, Plomion C, Schlink K: Protein
polymorphism between 2 Picea abies populations revealed by 2-
dimensional gel electrophoresis and tandem mass spectrometry. J Hered
2008, 99:364-375.
23. Hegarty MJ, Barker GL, Brennan AC, Edwards KJ, Abbott RJ, Hiscock SJ:
Extreme changes to gene expression associated with homoploid hybrid
speciation. Mol Ecol 2009, 18:877-889.
24. Conde-Padín P, Carballo M, Caballero A, Rolán-Alvarez E: The relationship
between hatching rate and number of embryos of the brood pouch in
Littorina saxatilis. J Sea Res 2008, 60:223-225.
25. Falconer DS, Mackay TFC: Introduction to quantitative genetics Longman,
New York, 4 1996.
26. Schilichting CD, Smith H: Phenotypic plasticity: linking molecular
mechanisms with evolutionary outcomes. Evol Ecol 2002, 16:189-211.
27. Valcu CM, Lalanne C, Plomion C, Schlink K: Heat induced changes in
protein expression profiles of Norway spruce (Picea abies) ecotypes from
different elevations. Proteomics 2008, 8:4287-4302.
Martínez-Fernández et al. BMC Evolutionary Biology 2010, 10:65
http://www.biomedcentral.com/1471-2148/10/65
Page 7 of 828. Diz AP, Skibinski DO: Evolution of 2-DE protein patterns in a mussel
hybrid zone. Proteomics 2007, 7:2111-2120.
29. Diz AP, Dudley E, MacDonald BW, Piña B, Kenchington EL, Zouros E,
Skibinski DO: Genetic variation underlying protein expression in eggs of
the marine mussel Mytilus edulis. Mol Cell Proteomics 2009, 8:132-144.
30. López JL, Mosquera E, Fuentes J, Marina A, Vázquez J, Alvarez G: Two-
dimensional gel electrophoresis of Mytilus galloprovincialis. Differences
in protein expression between intertidal and cultured mussels. Mar Ecol
Prog Ser 2001, 224:149-156.
31. López JL, Marina A, Vázquez J, Alvarez J: A proteomic approach to the
study of the marine mussels, Mytilus edulis and Mytilus galloprovincialis.
Mar Biol 2002, 141:217-223.
32. Rodriguez-Ortega MJ, Grosvik BE, Rodriguez-Ariza A, Goksoyr A, Lopez-
Barea J: Changes in protein expression profiles in bivalve molluscs
(Chamaelea gallina) exposed to four model environmental pollutants.
Proteomics 2003, 3:1535-1543.
33. Apraiz I, Mi J, Cristobal S: Identification of proteomic signatures of
exposure to marine pollutants in mussels (Mytilus edulis). Mol Cell
Proteomics 2006, 5:1274-1285.
34. Hollander J, Collyer ML, Adams DC, Johannesson K: Phenotypic plasticity
in two marine snails: constraints superseding life history. J Evol Biol 2006,
19:1861-1872.
35. Magalhaes IS, Mwaiko S, Schneider MV, Seehausen O: Divergent selection
and phenotypic plasticity during incipient speciation in Lake Victoria
cichlid fish. J Evol Biol 2009, 22:260-274.
36. Geng YP, Pan XY, Xu CY, Zhang WJ, Li B, Chen JK, Lu BR, Song ZP:
Phenotypic plasticity rather than locally adapted ecotypes allows the
invasive alligator weed to colonize a wide range of habitats. Biol
Invasions 2007, 9:245-256.
37. Aubin-Horth N, Renn SC: Genomic reaction norms: using integrative
biology to understand molecular mechanisms of phenotypic plasticity.
Mol Ecol 2009, 18:3763-3780.
38. Leung YF, Cavalieri D: Fundamentals of cDNA microarray data analysis.
Trends in Genetics 2003, 19:649-59.
39. Hartl DL, Meiklejohn CD, Castillo-Davis CI, Cavalieri D, Ranz JM,
Townsend JP: Gene expression profiling in evolutionary genetics. The
Evolution of Population Biology: Modern Synthesis Academic Press, New
YorkSingh R, Jain S, Uyenoyama M 2003, 74-93.
40. Bradford MM: A rapid and sensitive method for the quantification of
microgram quantities of protein utilizing the principle of protein-dye
binding. Anal Biochem 1976, 72:248-254.
41. Ramagli LS, Rodríguez LV: Quantitation of microgram amounts of protein
in two-dimensional polyacrylamide gel electrophoresis sample buffer.
Electrophoresis 1985, 6:559-563.
42. Heukeshoven J, Dernick R: Simplified method for silver staining of
proteins in polyacrylamide gels and the mechanism of silver staining.
Electrophoresis 1985, 6:103-112.
43. Byrjalsen I, Mose Larsen P, Fey SJ, Nilas L, Larsen MR, Christiansen C: Two-
dimensional gel analysis of human endometrial proteins:
characterization of proteins with increased expression in hyperplasia
and adenocarcinoma. Mol Hum Reprod 1999, 5:748-756.
44. Tsuji T, Shimohama S, Kamiya S, Sazuka T, Ohara O: Analysis of brain
proteins in Alzheimer’s disease using high-resolution two-dimensional
gel electrophoresis. J Neurol Sci 1999, 166:100-106.
45. Yan JX, Sanchez JC, Tonella L, Williams KL, Hochstrasser DF: Studies of
quantitative analysis of protein expression in Saccharomyces cerevisiae.
Electrophoresis 1999, 20:738-742.
46. Winer B: Statistical principles in experimental design McGraw-Hill, New York
1971.
47. Underwood AJ: Techniques of analysis of variance in experimental
marine biology and ecology. Oceanogr Mar Biol Annu Rev 1981,
19:513-605.
48. Sokal RR, Rohlf FJ: Biometry Freeman and Co, New York 1995.
49. Carvajal-Rodriguez A, Uña-Álvarez J, Rolán-Álvarez E: A new multitest
correction (SGoF) that increases its statistical power when increasing the
number of tests. BMC bioinformatics 2008, 10:209.
50. Scheiner SM: Genetics and evolution of phenotypic plasticity. Annu Rev
Ecol Syst 1993, 24:35-68.
51. Pierce CA, Block RA, Aguinis H: Cautionary note on reporting eta-squared
values from multifactor ANOVA designs. Educ Psychol Meas 2004,
64:916-924.
52. Galindo J, Morán P, Rolán-Alvarez E: Comparing geographical genetic
differentiation between candidate and noncandidate loci for adaptation
strengthens support for parallel ecological divergence in the marine
snail Littorina saxatilis. Mol Ecol 2009, 18:919-930.
doi:10.1186/1471-2148-10-65
Cite this article as: Martínez-Fernández et al.: The role of phenotypic
plasticity on the proteome differences between two sympatric marine
snail ecotypes adapted to distinct micro-habitats. BMC Evolutionary
Biology 2010 10:65.
Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
Martínez-Fernández et al. BMC Evolutionary Biology 2010, 10:65
http://www.biomedcentral.com/1471-2148/10/65
Page 8 of 8